Development of high strength by cyclic martensitic transformation by Kiefer, David S.
Lehigh University
Lehigh Preserve
Theses and Dissertations
1971
Development of high strength by cyclic martensitic
transformation
David S. Kiefer
Lehigh University
Follow this and additional works at: https://preserve.lehigh.edu/etd
Part of the Materials Science and Engineering Commons
This Thesis is brought to you for free and open access by Lehigh Preserve. It has been accepted for inclusion in Theses and Dissertations by an
authorized administrator of Lehigh Preserve. For more information, please contact preserve@lehigh.edu.
Recommended Citation
Kiefer, David S., "Development of high strength by cyclic martensitic transformation" (1971). Theses and Dissertations. 3895.
https://preserve.lehigh.edu/etd/3895
• 
' . 
,, 
'.' .~ ; 
,, 
~ . 
~. ' 
•). 
'f; •• 
. 
:.··--·· 
~~ 
). }'_ 
·~::, 
• 
. •, 
', .. 
. ' 
.~ . 
. . ,.. "".... .....~. 
,.; 
,· 
~.I' 
.11.: .. . .... .JI •• 
! 1, 
. ,. Development of High st·reng.th-· ·-···-•:,• :_ .-.,-1,.-~--:.'--.-~.........,, ~ .. 
,.--· .. ~. 
,I 
'· 
• 
By Cyclic Martensitic Transf~rmation 
Davids. Kiefer 
ABSTRACT > 
Fe-20Ni-1V alloys ·with 0~4 and o~6 per cent .. carbon 
and an Fe-8Ni-8Cr-4Mo-25C were subjected to cyclic marten-
sitic transformation by cooling in liquid nitrogen and heat-
ing in molten lead 10°C above their Af temperatures. The 
Af temperatures, determined by.hardness measurements and 
checked by quantitative x-ray diffractio1 methods, were 
and 640°C for the 0.4 and 0~6 per cent cJrbon vanadium 
'; 
__ , '·"',. 
·, 
alioys respectively. 
610°c 
Cycling the Fe-Ni-Cr-Mo alloy through its Af tempera-
ture of 745°C raised its M, produced a predominantly 
s ' 
martensitic structure at room temperature and resultedin 
' 
r~ improved strengthening to a maximum yield strength of 162 ksi 
primarily because of almost com.plete elimination of retained 
"austenite. Relatively coarse carbide particles along the 
plate boundaries of the martensite were observed. 
Cycling of the vanadium alloys produced strengthening 
,, 
increases of 36 and 40 ksi for-the 0.4 and 0.6 per cent car-
' bon alloys respectively in the martensitic c6ndition. _ The 
. ., 
best balance of properties measured was the·208 ksi yield 
. T ~ 
strength, _295 ksi tensile strength.and 12.5 per beht elonga-
tion observed in the O" 4 percent · carbon al.lay in the marten-
. --si tic cpndi,tion after~,one cycle of transformation. Fine" f· 
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particles, of VC approximately 100 A iri ...... diameter produced on 
) 
' 
tempering during the mar:tensi te .to .austeni te portion of a· 
. '• 
transforrnation cycle were observed, and their contributions 
to strengthening, together with the retention 6£ a large 
degree of solid solution. strengthening, accounted for the 
-
strength increases produeed by cycling of these alioys. 
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DeveloFrnent of High Strength 
,!ii By Cyclic Martensitic Transformation 
... 
ABSTRACT -
Fe-20Ni-1V alloys with 0.4 and 0.6 per cent carbon 
and an Fe-8Ni-8Cr-4Mo-25C were subjected to-cyclic marten-
,, 
si tic transformati·on by cooling in liquid nitrogen and heat-
ing in molten lead 10°C above their Af temperatures. The 
Af tempe~atures, determined by hardness measurements and 
checked by quantitative x-ray diffraction methods, were 610°C 
and Q40°C for the 0.4 and 0.6 per cent carbon vanadium 
alloys respectively.~ ' ·,)~ 
--Cycling the Fe-Ni-Cr-Mo alloy through its Af tempera-
ture of 745°C raised its M, produced a predominantly 
s 
martensitic structure at room temperature and resulted in 
improved strengthening to a maximum yield strength of 162 ksi 
· primarily peqause of almost complete elimination of retained 
austenite. Relatively coarse carbide particles along the 
plate boundaries of the, martensite were observed. 
Cycling of the vanadium alloys produced strengthening 
increases of 36 and 40 ksi for the 0.-4 ahd 0.6 per cent car-
.. 
bon_ alloys respectively -in the martensitic condition. - The 
~ bes~ b_alance· of ···properties measured was the 208 ksi yield 
strength, 295 ksi tensile strength and 12.5 per cent elonga-
tion observed in the O. 4 percent carbon alloy i·n the marten-
si tic condition after one cycle of transforiuation. Fine 
I 
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particles of VC approximately 100 A in diameter produced on 
tempering during. the martensite to austenite portion of a 
·transformation cycle were observed, and their con.tributions 
to strengthening, together with the retention o.f a large 
p 
degree of solid solution strengthening, accounted for the 
~ 
. 
strength increases produced by cycling of these alloys. 
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DEVELOPMENT OF HIGH STRENGTH 
BY CYCLIC MARTENSITIC TRANSFORMATION 
INTRODUCTION 
. .. ~ 
There is a continuing need to develop alloys that 
have high yield strength, and yet have reasonable ductility 
and good fracture toughness. Several .approaches to meeting 
this objective by processing conventional and special ferrous 
alloys have been developed in the last decade. The treat-
ments are broadly classed as thermomechanic~l and develop 
strength by plasti.c deformation, cyclic transformation and 
"' 
for deformation induced transformation. 
-}i 
' ~ I 
,. 
Aus forming (l---;-21 is a thermomechanical t~;~t~ent th~-t-------------~--- -
D 
has been ·extensively investigated in the last decade. It 
· involves working metastable austenite before quenching to. 
form martensite. The proces~ is conducted under conditions 
that avoid recrystallization and/or decomposition of the 
austenite, and consequently, a highly imperfect austenitic 
structure is developed. The necessary characteristic of 
the time-temperature-transformation behavior o.f ferrous ,, 
alloy that responds to Ausforming is therefore an austenitic 
. bay where the decomposition of metastable austeni te by 
. If"'' 
·diffusion-controlled transformation is extremely.slow. 
Many engineering alloy steels exhibit such a ·region 
in their diagrams. A typical composition <2) of such a st.eel 
. .. 
.. 
would be 0.3-0.6 per cent carbon, 2-3 per cent Cr, .1~2 p~r 
,!!S~ 
·re_. . 
',. '.\ 
cent Ni, 0.5 per cent Mo and 0.5 per cent V. 
!. ;. 
,, 
. . 
.. J' . . . . 
'· ft 
•. 
-, , .. - -·- ~- --~ 
• • 4, •• ~ 
' 
-- -- .. 
. ' 
1.:;, 
~-· --··--------~ 
. -~ 
·, . 
• 
' 
. ;jp 
1 
.. 
4 
~ . : ...... 
The strengthening of these alloys is quite significant • 
With 93 per cent deformation, a 0.3 per cent carbon steel 
showed an increase in yield strength from 230 to 330 ksi. <2) 
Less striking results were obtained with higher carbon steels, 
but a subsequent tempering treatment resulted in an unusu~lly 
large ·amount of secondary hardening. A 0.47 per cent carbon 
steel fo~ example had an undeformed yi.eld strength of 280 
-·' 
ksi, a deformed yield strength of 310 ksi and a yield 
strength of 390 ksi when tempeied at 600°F for one hour~ 
However, as strength increased on tempering per cent elonga-
tion dropped to about 5 per cent • 
. Fur"t9er investigations <3-6)~~of "jjle~ ausfonning process 
have shown that additions of alloying elements tha~ are 
carbide fonners to the steels result in a noticeable strength-
ening of these alloys. It has been found that the ausfor1n-
ing process increases the diffusivity of alloy carbide 
formers such as Cr, Mo and V •. These alloying elements con-
tribute·-' to ausformed strength by forming dispersions· of fine 
alloy carbides. The carbides are believed to increase the 
' 
rate of dislocation multiplication and cause dislocation 
pinning·. (G) Alloy carbide formers are essential in stabiliz-
"°'&:if, C" 
,,, 
a 
ing f iI)e precipitated carbides __ , ---·---~.:i.-n~e the Fe_3C __ p~rt ..t·c1e __ s~ -----~·~------- - ~--
' 
that f·orm in steels W·i thou t' strong carbide f ortners coarsen 
• I -· 
quite rapidly, too rapidly in fact to sig-nificantly incre·ase 
strength. ( 7 , 8) 
·~ . ._, 
' . ~: .. ~""'- ·::. ' 
The concept of TRIP (Transformation Induced.Plasticity) 
j, J I:-' 
•', ··• .. 
.., -
.~:··. 
. .. 
. ..... 
-• .. --·~--~,· "-<-"-. 
I ] _____ _ 
J 
7 
t 
:..,.. 
-·· .... , ..... 
- , I 
. , "( ·. 
.. 
·r 
-·. 
, .. 
I' 
.. 5 . -',,;''··'\ ;-. 
steels was developed more rece~t1y< 9>· as an approach, to 
,, . 
•. development of high strength and high ductility-in ferrous 
, 
alloys. A TRIP steel in th~ austenitic condition initially 
is subjected to a thermomechanical treatment similar to aus-
forming. IIowever, the chemistry of these steels is adjusted 
~ by additions of large amounts of nickel (up to 25 per cent) 
. ' 
and chromium (up to·g per cent) in order to produce an M5 
temperature just below room temperature even after the 
thermornechanical treatment. To produce alloys of this nature 
with yield points of 250-300 ksi a subsequent refrigeration 
process is used to form martensi te from the d~\t,qJ:]n~\g\,,aus-
,' ', \ ' 
tenite. A substantial amount of austenite is·allowed to ----'--'----'-------"----,-,---- -~~ - - --- - -~ " 
· /: 
~ 
remain. It is the retained austenite transforming to ma~.-
tensite during the r.oo~-temperature testing that results in 
the extremely ductile behavior of these steels. The ap-
plicability of the TRIP mechanism is therefore dependent 
.. --· ·-·· --·-· 
upon balancing of alloy composition to produce Ma and Mg 
temperatures that are respectively above and below room 
temperature. The strain-induced t1tansformation causes a 
high rate of strain hardening resulting in very large uni-
form elongations. Also it has·- been found that the interac-
,,. ' 
............. -,...-...:._....,, 
. ;, 
'l 
· causes a great deal of energy dissipation resulting in sig~ 
·nificant ., improvement or fracture toughness of these 
.alloys ( 10) 
_r 
The propert~es resulting from this thermomechanical ,, 
,I ( 
I 
_dJ 
. 
-
.. /:·· •. -,.,,rs~ 
I::'> •• 
. r 
-
'1 ,~ 
. ·JI 
.. .. 
~ . 
... 
. -1.·· 
'\j' 
------------------- -·--
" . 
'q 
-(! . 
. l\. 
I . 
- ., ... · .. •. 
.. , ~-
I 
6 
.... , 
' ,ls 
treatm·ent sequence are quite go·od, the best results being a 
yield strength of 308 ksi, ·tensile strength of 309 ksi and 
an elongation of 21 per· cent in a one inch guage length for --
. I 
a 9Cr-8Ni-4Mo-2Mn and 0.25C steel. (9 ) ·t,.. 
Rapid reaustenitizing or cyclic transformation has 
also been applied to steel~ in 
' 
mechanical _properties. ,-.1.n one 
order to produce improved 
case Grange(ll) has success-
fully strengthened typical engineering alloy steels,1045 and 
8640,by heating to temperatures just above those necessary-
to form one hundred per cent austenite and immediately 
quenching to the transformation temperature desired. By 
thermal cycling or a combination of working and thermal 
cycling an extremely fine grain siz._e in the range ASTM 12-15 
"' 
is produced in these _alloys. The consequent strengthening 
of these alloys is one· attributed .primarily to grain size 
refinement. 
' 
'· 
.. , 
0 
It is possible, however, that changes in the 
martensite s·tructure and·carbide-distributions may also con-
tribute to· the strengthening. Neverthe.less Grange finds· a 
remar~hl>le corre~ation of the strength'of.his alloys to the 
, 
0 (12)· . ' Hall-Petch relationship between yield strength and 
I I grain size. "\'.• 
~In other alloys containing large amounts of nickel 
--- ----·----·-- --
.. , 
where M5 , Mf, As and Af temperatures have all been reduced 
' 
\ 
by the increase in nickel content, it has'~t>een found that 
.i:f ~ 
·~-
the martensite to austenit.e trartsformation is a shear type 
'• 
"' " 
. oft 
transformation completely analogous· to the· a.usteni te to 
J •l . 
. ... ,. 
,,; , ~ 
... 
.t, 
,...,. 
. 
' 
-,_ 
' I 
, 7 
··-
rnartens i te transformation observed in the quenching of con~ 
ventional steels. (l3-l7) · The increased. dislocation density 
~ 
-·-
and refinement of substructure that reFults from this type 
of rapid reaustentization and subsequent quench to -·marten-
· ·11 site, i.e. cyclic rnart~nsit,ic transfo~ation, increases the 
strength of the alloy p .. e·rceptibly. 
· (18) \. Apple has found also 
--1· 
• 
that the addition of carbide f9rming alloying elements 
. ', 
benefits the mechanical properties as in ausforming in that 
the fine .carbides that are formed during the heating porti·on ~i1 
/ 
of the transformation cycle are quite stable and do not 
coarsen. These carbides in turn act as dispersion strength-
eners helping to pin dislocations· and also helping to increase 
.. dis.location multiplication rates as· in ausformed steels. 
,Not only the strength, but also ductility was improved by 
cyclic transformation .. Yield strength increased from 161 
ksi to 190 ksi and elongation in.a one inch gauge length 
"' 
from 3.2 per cent to 12 per cent.(lB) 
The Ausform process is in commercial us~ today<l9 ) 
and TRIP steels are commercially available. <20) A major ap-
plication· of Ausforming is in tool steels where high fatigue 
and wear resistance are provided by the thermomechanical 
treatment. ( 19 } .. Other instances of. applicat,i.,on would be 
~· wnere design considerations< -limit siz~ and yet high ·-stre-ngth 
, ' 
-
' 
' ' is imperative. Po.tential uses of TRIP-processed steels in-· - · .· 
. . . 
'" 
-elude fasteners, surgical needles, armor pla-te, and high-
strength wire and cable. ( 20) • 
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The major·advantage of cyclic transformation over .. the 
othe.r thermomechanical treatments mentioned is· that no high 
-~ 
temperature deformation or special geometry part is ne~es-
• I 
-sary to achieve strengthening. This would make possible 
production of more intricate high-strength parts without 
welding or extensive machining. Parts made from cyclicly 
' 
transformed alloys could therefore be ·fabricated with more 
. {lexibility and greater economy in costs than parts strength~ 
ened by other thermomechanical treatments. 
In this study the major goal was to investigate the~ 
· ·effect of increased carbon in producing s"t:rength by cyclic 
transformation in.Fe-Ni steels containing the strong carbide 
former vanadium ... The effects of an enhanced potential to 
' 
, . 
·form fine carbides within a martensi te matrix of higher base . .. 
carbon content in solid solution were to be established. An 
alloy similar to one used by Zackay, Parker et. a1.C 9) I 1n 
. 
. their TRIP steel testing·program·was also selected for study = 
in order to evaluate its response to cyclic transformation • 
i. 
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EXPERIMENTAL PROCEDURE 
• ... , 
' ·-€!J 
The compositions of the alloys used in this study are 
listed in Table I. The V alloys. were designed to have Ms 
temperatures close.to 0°C by reducing Ni content as C cont~nt 
increased. 
' . 
One hundred fifty pound heats were made of high 
purity pellets melted in a vacuum induction furnace at the 
Homer Research Laboratories of the Bethlehem Steel Corpora-
tion. The ingots were soaked in a furnace at 2300°F before 
rolling. The first series of passes reduced the ingot cross-
~\ (C' 
section to a 3" x ~" square. After a second soaking treat-
ment the heats were further reduced until the edge cracks 
which developed from the hot rolling became visible to the 
rolling supervisor. Consequently, the stock as received was 
in 3 foot lengths in eithei; 1-1/4" x 1-1/4" or l" x l" 
square in cross section. An additional alloy was melted of 
composition identical to heat 704Z007 except that the 1 per 
~ 
cent vanadium was replaced with~ per cent molybdenum. How-
ever, this ingot cracked so severely in the first rolling.-
pa$S that it was of no further use. The rolling temperature· 
of this inset was too low cau§Jng the ·sensitiv~ty of this 
alloy to ~olling to be quite high. Nickel alloys containing 
Mo should be rolled at temperat~res 
. 
( 21) 
exceeding 2100°~. A 
. " 
higher soaking temperature might have resulted in ~JJccess-ful 
• 
. ' 
- ·-·--·l .. ·• " 
., ...... , 
·· '\rolling of the alloy. 
The s.tock was cut into_.J.2" sections to facilitate heat 
treatmen;?..,. _Homogenization was done in air at 1200 °C for one 
· ....... 
~ . . 
i' ~ . \ •• 
. ·• ' 
-----
-----
-
..... - - --
------------
- . -- -- . - ... -
____ ._,:..__ 
.. 
,-...-----.'::. ... 
) 
.. 
. ),-,-,-·-::, .. 
J« .. ,,.,,,, .. ,,,,. 
C, • 
.~ ~-· ... . 
.. , -
• 
• 
..... . 10.· . . 
hour. . The bars were then water quenched to prevent any 
~reinat:ure precipitation ·of ·carbides. Considerable decarburi-
·>,:. 
' 
zation was observed, but 
in~---machining tTie tensile 
the decarburized zone was removed. 
\ 
bars from the square bar stock. 
The vanadium alloys were fully austenitic after homogeniza-
tion. The Cr-Mo., alloy, however, did form about 40 per cent 
' 
martensite when water quenched. 
Two .252" diameter tensile specimens were machined 
from each homogenized 10" section. The tensile specimens 
l 
had 1-1/2" gauge lengths and 7 /8 11 long intermediate shoulders 
of .375" Ji,iameter. The outer shoulders were .500" in di-
,..--- ... 
ameter and a half inch long. During machining of the tensile 
specimens the rods were first roughed down to .500" diameter 
bars. 
Samples of O .500 in. diameter bar, cut to be,: of 
length (2.5 inches) to produce approximately the same mass 
" @5 
as the tensile bars, vJe e used t9 detennine the Af tempera-· 
ture, the temperature at which the reverse transformation of 
mart~nsite to ~ustenite is completed. The slugs were first 
" 
('· . 
, 
quenched in liquid .nitrogen (-196°C) to form martensite .• The~. 
slugs were then reheated in a. lead bcith at varipus tem.pera~ 
a 
o 
tures (monitoreci7by a stainless-steel encased chromel-alumel 
!/ . ' • " 
~~. ~- ,, " 
thermocoup,le) for one .. minute and water quenched. The hard-
. ~-'1 
ness of the slugs·was measured on a Rockwell hardness tester 
(average c;>f 5 readings) . The· reversal tempe+ature for each 
\ 
- ail.oy was chosen to _be .,10°C higher than the A'.i determined. / 
( 
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11 
Alloys(l~) siinila:t' to-those used in this study that 
were ~ound to form plate martensite, contained some retained 
I austenite even when quenched to liquid nitrogen temperature 
-;;;: .... (-196°C). Further, when these alloys were cyclicly trans-
formed, the extremely fine distorted structure made retained 
. 
' austenite determination with quantitative metallography un-, 
reliable. .Thus x-ray diffraction analysis was chosen as the 
method for determining the pe~centages of the phases present. ( 22) 
t,1iller 's method of quantitative determination was picked 
~---s 
as the one likely to give the best results. This method 
compares the average integrated intensity of the (220) and 
(311) austenite peaks with that of the {211) martensite 
peak. The theoretical ratio of _integrated intensity of the 
martensite· peak to the average value for the two austenite 
peaks for an equal amount of the two phases was calculated 
from Cullity< 23 > to be 1.36 the volume fraction of austen-
ite, FA, __ is thus: ,, 
' ' 
o-
( 1) 
where IA is the average integrated intensity of the austen-
ite peaks, and IM is the integrated intensity of the marten.;.. 
site peak. The accuracy of the x-ray determination ·was, 
checked by point counting with a two dimensional grid of 
~ points. On the basis of 3000 points~ per count, the standard 
deviation wa.s two per cent for each count.< 24 > The agree-
. 
ment __ between the two n1~thods of p_hase dete:anination was ex-
ff.. . 
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-
cellent as shown in Table II. 
., 
Miller's method is·only reliable, however, when the 
differen.ce .. between the integr.ated intensity of the austeni te 
peaks is less than 30%. In most cases this condition was 
easily fulfilled, however, for the Fe-22Ni-1V-0.4C alloy 
this was not· the case as a good deal of preferred orientation 
• • 
(25) · 
was observed. Durnin and Ridal have suggested methods 
to compensate for preferred orientation and of these a 
method using the (311)Y and (211)M peaks only was selected. 
. --· 
The (311) peak is used because it is a peak of high multi-Y . 
plicity. An accompanying factor of 0.78 (which was empiric-
ally determined) was used to replace the factor of 1.36 
found in Miller's original formula. The results of this 
analysis proved equally satisfactory to those determined by 
Miller's method as can be seen in Table II. 
It was found through x-ray analysis that one-cycle 
martensitic, i.e. samples quenched to -196°C, heated to 
Af + 10°C, and re-quenche'd t6 -196°C, specimens contained 
' -
between 80 and 90 per cent martensite. Thus it was neces- . 
) 
sary to .establish the strength of specimens containing vari-
~ 
-
ous amounts .. of uncycled marten·si te in· orcter to have a basis 
for comparing cycled and.uncycled martensftes. This was 
., 
· done by quenching tensile ·bars to various temperatures· in 
, ...... . 
mixtures of methylbutane and -liquid nitrogen ·-in ·-order to . 
0 . . . 
., ' proquce vatjing amounts of·martensite. Slugs were quenched 
. ' 
1, 
- ' 
·····" 
.r . 
at the same time as tqe tensile bars and x-ray · analysis and· .. , 
~-
.,. ... .. ., 
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~ 
point counting was usec:l to determine the amount of marten-
site produced in the 4quench·. The specimens were t1len pulled 
to failure in tension and results plotted as 0.2 per cent 
. . . 
offset yield strength versus per cent martensite. 
' ~ Tensile tests were performed on an Instron unit with 
a load cell capable of.20,000 lbs. The crosshead speed used 
' 
was O. 05" per min. Elongation was moni·tored with a l" 
strain-guage extensometer capable of extending 0.50". Al-
though the elongations obtained were in all cases within the 
;""\ 
,-, / 
range of the extensometer, the device was removed before 
specimen failure to prevent any 9-amage to it. The elonga-
•• ,, 0 Q (l \\, 
.o 
tion was obtained from the distance between two reference 
· .... 1 
marks that were o·riginally 1. 0" apart on the gauge length of . ., 
the specimen. 
Specimens for oiptical metallography were prepared 
from sections cut from the 1/2" diameter slugs .and from the 
43 
ends of the tensile bars.· These sections w~re mounted, 
g~ound on wet paper through 600 mesh, and then mechanically 
polished on wheelS? throagh 0.06·micron alumina. Then spec-
- -
imens were chemically etched i-n Modified marbles etch. 
~ .. 
Those specimens used for x-ray analysis received a similar 
treatment; nowever instead of a chemical etch after mechani-
cal polishiilg, they w~re electropoli~shed in a· 5% perchloric-
glacial acetic acid solution at 60 volts in a Buehler agitator· 
to remove 
·t.hing. 
····-_,.. 
.. "ii> t., 
the stressed 1~¥er cr.eated during mechanical pol-
'·"q;p 
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In addition to conventional metallography, the speci-
mens were examined under oblique illumination in a Zeiss 
phase contrast Il}icroscope·~ In such illumination the· surface 
. . relief of .. certain featu·res could be easily seen. The results 
-of examination bnder this microscope were helpful in deter-
mining whether marteni te pl'a tes observed were surface phe-
• 
~ 
... 1 nomena formed on polishing or bulk mar.teni te · formed during 
the transformation cycle. 
Specimens for transmission electron microscopy were 
prepared from discs 0.035" thick cut on a diamond cut-off 
wheel from the o .• 500" diameter shoulder of the tensile bars. 
These discs were ground on a rotating wet wheel to approxi-
mately .006" in thickness. They were then thinned in a jet-
type electrop~lishing device until holes had polished 
through the center of the specimen. Chrome/acetic acid 
(798 cc glacial acetic acid, 150 gm. Chromium trioxide 
-(anhydrous) , and· 42 cc water) was used as the electrolyte· . \ 
for this process: The ·-specimen_s for the microscope wer& 
. ' 
then cut from the center portion of the discs and mounted in 
~ . 
copper fold-over gr:ids. The instrument used for the examina-
tion was an RCA E!·1TJ-·3G e~ectron microscope operating at lOOkv. 
During_. evaluation of the data, it became necessary to 
-· ' 
.determine if the Cr-Mo· alloy ..... did in fact undergo a marten-
site to austenite· transfofmation .upon· heating. I~ dilato-· 
-
meter trace was run at the Homer Research Laboratories to 
ascertain this information. The specimens used were rods 2" 
·, 
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long and 0.125" in diameter. 
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. r ·.-
.. 
T_hese "r·ods were .quench~d iri 
15 
liquid nitrogen, i1eated at:. 10 °C/sec to 800 °C and then cooled 
·;,,, ~ 
fl:t ~a rate approximating a water quench for one of the ten-
sile bars. 
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RE.SULTS ,, and DISCUSS ION 
... J 
I Martensi te to Austeni te Transfor1uation 
Cyclic heat treatments are designed to inco.rporate 
the- maximum str~_:ngthening introduced into austenite by re-
,,-:,,. __ ... 1 . . 
verse transformatio1n of martensite to austenite just above 
. (15) the Af temperature. Martensite formed within austenite 
that contains a maximum density of transformation-induced 
~-
irnpe r f e ct ions then either inhibits or interacts with ,the im-
perfections as in ausforming and may be substantially 
strengthened . 
. 
~ Figs. I and II show the variation of hardness with'' __ 
trial reversal temperatures for the alloys used in this study. 
~ 
As quenched martensite hardnesses were Re 48 and 53 for the 
'1. 0.4 and 0.6 per cent C alloys respectively and the. as 
.. homogenized austenitic hardnesses were RA 46 and Rc 23 
, ,s respectively. The Af temperature was taken ·to be the tempera-
ture {as determined from the plots) where the hardness 
,. 
reaches a plateau with increasing trial reversal temperature. 
\ 
This stabilization in hardness was taken to correspond td 
,:'~ 
complete transformation to austenite. The "standard reversal 
q, 1$_,., ~ 
temperatures" for the alloys were set 10°C higher than the 
Af and reversal teffiperatures for ·the· ~Jloys 'of. ~'.is )nvesti-
l . 
. ,, gation. 
I . 
' 
The Vanadium alloys (Fig. I) both strongly show the 
·,\·effect of secondary hardening in that the hardn·ess of the 
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17 
alloys increases until the temperature at which the reverse \ 
transformation to austenite begins. X-ray diffraction of 
specimens heated to the standard reversal temperatures 
showed no austenite peaks and confirmed that these alloys 
. were fully reversed to austenite at these temperatures. 
The Cr-Ni-Mo ~teel behaved quite differently, how-
ever, when reversed as shown in Fig. II. The hardness of 
the alloy in the- reversed cond'ii tion was higher than the tem-
pered martensite from \vhich it was transformed. A dilate-
,-
., 
meter trace revealed that this alloy did in fact undergo a 
transformation to austenite in the region where hardness 
sharply increased with temperature. The trace also showed 
that the Ms tempera~ure for this alloy was raised to 160°C, 
presumably because of alloy carbide precipitation and the 
resulting decreased austenite stability. Thus the fresh : 
. ) ~ 
austenite formed on heating transformed to martensite during 
.. 
the water quench to room temperature:·; and the room ternpera7 
' ture hardness increased rather than decreased as a result of· . . 
---~ the reverse transformation due to the large amount of fresh 
mart·ens,ite formed. 
II Structure and Properties of. the Cr-Ni-Mo ·steel 
. This alloy was made to match the compc;,sition of one 
of the alloys to which Zackay, Parker, et. al. (9 ) applied 
thermomechanical treatment with significant success because 
of a chemistry balanced to produce martensite during room 
. . .. 
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temperature defo,rmation. It was hoped that ·the alloy's 
response to cy~lic heat treatment would be favorable as 
Q ~ 
4 \ • 
well, thus showing the analog or cyclic transformation . to 
austenitic deformation as a means to raise strength. The 
18 
thermomechanical treatment of the TRIP steels produces grain 
. -
, . ·a- I 
~- refinement, creates dislocation pileups, and aids in the 
,0 
creation of fine alloy carbide "precipitates, • i.e. it creates 
a refined structure similar in all aspects to that created 
upon rapid reaustenitizing. 
Fig. III shows a plot of the yield strength of ppeci-
mens quenched to various temperatures versus the per cent 
martensite they contained. This plot revealed that the 
yield strength of the specimen given a treatment of heating 
to the reversal temperature, water quenching and subsequent 
refrigeration to -196°C was actually slightly below the ex-
pect~d yield strength of a sample containing the same amount 
of martensite that had not be·en cycled. The reason for this 
\•, 
behavior bec_omes apparent a~:.l tjhe microstructure and fine 
' ' 
""'I"' 
structure of this alloy are examined. 
1 
Fig. IV · (a-f) shows the microstructure of the 
cr~Ni-Mo alloy in various conditions. Fig. IV(a) shows the 
microstructure of the as homogenized .alloy_. Apparently M 
- . s 
-
f-er this alloy is above ·room ternperature·since a significant 
arnoun t of martensi te, ab·out 2 5 per cent in · this case, is 
----
-----
formed when the a1.Ioy is water quenched aft·er homogeniza-
(> " ,, ., • . 
tion·. The" martensi te appears to form in colonies in· which 
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the· indi.vidua,1 pl·at~s are often parallel. to ~ach (\other •. 
Fig. IV ,_,(b) and (c) show the increasing amounts of martensite, 
" 
. ·-formed when the alloy is quenched below room temperature. 
,, 
.Fig. IV (d} . shows .the microstructure of a specimen that has 
been through one transformation cycle (martensite to aus-
tenite and quenched to room temperature). Fig. IV (e) shows 
the microstructure of a specimen that has received the same 
treatment as that in (d), but additionally has been quenched 
to -196°C. The microstructures observed in (c), (d}, and 
. 
(e) are much the same. Comparison of (c) with {d} and (e) shows 
that little structural refinement on a microstructural scale 
is cause~ by cyclic transformation. 
Fig. V (a) and (b) show transmission electron micro-
graphs of. the one cycle martensite whose microstructure is 
shown in Fig. IV (e). 
•"-, . 
. ,
Fig. V (a) and (b) show that carbides have precipitat-
ed as aligned particles in, the martensite matrix. The spac~ 
ing of the rows .. of particles is approximately O. 25µm which\ is 
of the same order of magnitude as the size of. the martensite 
plates. Apparently carbides have ··precipitated at the mar-
tensi te. plate boundaries during 4he heating portion of the 
··transformation cycle • 
. The mechanical properties of the Cr-Ni-Mo spec_imens 
.,. 
after cycling s·how lower yield strengths'"·and greater tendency 
q., 
to necking than do uncycled spe,q.im~nos. Th.is. behavior can be 
partially explained by the minimal refin~ment in structure .. 
caused by cycling, the widely spaced carbide particle distri-
., 
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butions, and the presence of only a small. amount of aust.eni te 
that could contribute to increased work hardening capacity 
by strain induced ~ransformation. Another reason for de-
creased strength after.cycling could !b~ the reduced amount 
of solid solution strengthening due to carbide precipitation. 
Indirect evidence for a significant decrease in carbon in 
solution is provided by the change in austenite stability 
reflected in Figs. IV(a) and (d). Much more martensite 
forms on cooling to room temperature, 25 per cent versus 
82 per cent, after homogenization and cycling respectively. 
III Microstructures of the Vanadium Alloys 
The microstructures of the 0.39 per cent carbon and 
the O. 6 per cent carbon vanadium alloys duri·ng all stages of 
cyclic transformation are quite similar to those of the 
Fe-22Ni-1V-O. 3C alloy studied by Apple. (lB) 
Figs. VI(a-d) and VII(a-d) show the microstructures • 
of 0.39 and 0.6 per cent carbon alloys respectively, (a) as-
l1omogenized, (b} as quench'ed to -196°C, (c) as-reversed to 
austenite and quenched to room temperature, and (d) as-
quenched from the one cycle austenite to -196°C for one-half 
hour to form martensite. 
"· ·Tbe homogenized structure of both the vanadium al'loys 
is·undeformed, austenite with an equiaxed grain structure. 
The O. 39 per cent carbon alloy (Fig. VI ( a)) showed an ASTi1 \i 
.. grain size of 5 while the O. 6 per cent carbon alloy (F.ig •. 
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VII (a)) was ASTM 6 .~ - The v-ariation might be o.ue to- slight 
variations in casting and hot rolling since homogenization 
was performed a"t; 1200 °C for each alloy_. .Joth alloys formed 
some surface martensite during mechanical polishing indicat-
ing that room temperature was below M0 for these alloys • 
. 
Electropolishing removed most of this surface martensite. 
Some pitting due to electropolishing is visible in Figs. 
VI(a) and VII(a). 
Analysis of the as-homogenized alloys revealed no 
measureable rnartensite peaks, so it is reasonable·to assume 
that any martensite observed is surface martensite. 
When quenched-to subzero temperatures, both alloys 
for1ned plate martensi te. Fig. VIII (a) and (b) shows the 
microstructure of specimens q-uenched to -45°C and -65°C 
respectively. The partially transformed structures show 
\;\' 
L,. 
~ clearly the non-parallel arrangement of adjacent plates 
characteiistic of plate martensite. The plates- are dark-
etching_ ·due., to tempering produced by heating during specimen 
preparation. 
J 
Upon reversing to austenite, a marked structural re-
finement was noted. Figs. VI(c) and VII(c), taken with the 
phase contrast micro_scope show that the austeni-tic structure 
. , r.· .:,.". "~ 
has been refined to the po-int where resolution of individual 
··--··""-,. 
features is difficult __ with light microscopy. The dark etch-
ing areas, in the photomicrographs are thought to be austeni te 
that has" ~nder~ne l:he reverse transformation and contains 
• p 
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., .. : 
substructure, a high s:=oncentration of dislocations, and fine 
precipitates caused by tempering and the reverse trans·forma-
', 
tion. 
·, 
"--._ 
Some of ~e light etching areas may represent the 
original retained austenite which has remained essentially 
unchanged. It is particularly striking to note the struc-
tural refinemept that has taken .place upon comparison of the 
microstructures o-f the as-homogenized and one cycle austen-
. ites. 
Figs. VI(d) and VII(d) show the microstructure c;i!~~,tb,:e .. ~I'' 
single cycle rnartensite. One is again struck by the high 
degree of refinement in structure in comparison to the as-
" 
~-\. 1 
~>J 
~uen'ched martensi te. The extreme fineness of the individual 
plates made optical resolution quite difficult and more in-
~·formation was obtained with transmission electron microscopy. 
The light etch,ing areas that are visible -in the photomicro-
graphs are assumed to be retained austenite, since x-ray 
measurements revealed both alloys contained about fifteen 
per cent retained austenite. 
IV Electron Microscopy of the Vanadium Alloys 
Due to the fineness 0£ the structures generated by 
cyclic martensite transformation, transmission electron 
.. microscopy was necessary to more fully characterize the 
,. 
microstructure of the alloys. Figs. IX and XI show that the 
) 
austenite has acquired. a ·epl~t~-like substructure as a result 
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of cycling. The fragmentation ~ay be a result of the f6rma..;. 
tion of several austenite uni~s withi~ .each ori~inal marten-
site plateoc (~?) The dark regions in the figures are in strong ·· 
contrast apparently because of the strains associated with 
the reverse transformation. The carbide precipitates are 
very fine.and are shown best in the highly enlarged micro-
graphs of Figs. IX(b) and XI(b). The dislocation densities 
are very high and,can be seen only in certain favorably 
oriented regions of the thin foils of austenite. 
The martensitic structures formed from the cycled'· aus-
tenite inherit the precipitate structure from the cycled 
austenite as shown in Figs. X and XII. The martensitic 
structures are also·characterized by transformation twins 
that appear in some of the individual martensite.plates. 
The large number of dislocations present in the rnartensite 
made resolution of individual dislocations quite difficult; 
h F . I (b ) h f h . d . . d 1 d . 1 } owever, 1g. XI ~ ows some o t e 1n 1vi ua 1s oca-
tion lines as indicated by the arrows. 
., 
Figs. IX (b)' X(b) I' XI (b) and XII (b) show high magnifi-
cation views of areas where the precipitate particles are 
particularly.well-defined. However, characterization of the· 
I 
carbide distribution in both the 0.39 per cent carbon and 
the 0.6 per cent.carbon alloys was rather difficult due to 
· the extremely fine nature of the carbides and the uncertainty 
, of-foil thickness. An average particle size of the carbides 
' 
was estimated by assuming the particles to be roughly spher-· · 
.. 
j,: 
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. " 
ical and measuring their diameters on enlarged photomicro-0 I) • a 
graphs. The diameter of the spheres was roughly estimated . 
' to be one hundred angstroms. The mean spacing between 
p-articles, based on the assumption of a cubic array, was 
' 
. 
0 
calculated by counting the.number of particle~ in a 1000A. 
square area on prints in Figs. IX-XII(b) and on many similar -
0 prints. A foil thickness of 1000 A was assumed and ·used to 
' 
calculate the number of particles per unit volume (Nv). 
Generally ferrous foils, range from 500 - 2000 angstroms in 
-
. (2 8) 0 
·th1ckness. 1000 A was chosen as an intermediate number . 
for e.ase. of calculation. The mean spacing,. A, was then 
1f:l, 
calculated from the formula:. 
1/3 
A = (1 J - 2R Nv ( 2) 
• 
R being the estimated radius of '·an individual particle 
0 
0 (.5 OA) • In this manner ).. was determined to be 360A for the (.. 
,,,. 0 
0. 39 per.cent carbonralloy and 350A for the 0.60 per cent 
0 
. carbon alloy. If the foil thickness were taken as 2000A the 
'·-· . 
results of the calculations would be reasonably close to 
0 
those calculated for 1000A. ·The spacings thus calculated. 
0 
are 425 and. 415 A respe~tively. 
In view of the co·mpo9ition and treatment of the 
vanadium alloys, ttie carbides observed could have been either 
,~, .... ., 
VC or Fe 3c. It has been shown< 29 > that,during the tempering 
• 
p~ocess, VC ·· is likely to precipitate on the dislocations 
,• in tl}e .martensite causing the secondary hardening phenomenon. 
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It seems logical that the. p?1,rticles observed,, since they are 
so fine in size, are in fact VC formed during the heating 
cycle that produced the reverse martensi tic trans format·ion. ,. 
The growth rate for Fe 3c particles even in extremely 
. d h t' ( 7 ' B) . f th th f rapi ea ing is ar greater an at or alloy car-
... 
bides,and it seems unlikely that Fe 3c particles could remain 
in a dispersion as fine as that observed. Also Apple(lB) has 
shown by diffraction from extraction replicas of a steel of 
similar composition (0.30 per cent carbon, 1% Vanadium) that 
• 
the .carbides are definitely VC. 
In view of the above arguments and the similarity of 
" 
the present vanadium-carbon alldys with the alloy examined 
by Apple(lB) ,·the carbides observed in the fine distribu-
tions are taken to be vanadium carbide. 
V Mechanical Properties of the Vanadium Alloys 
Previous studies( 16118) have shown that the principle 
strengthening due to cyclic tr·ansformation occurs during the 
first transformation cycle. Therefore, specimens subjected 
to only one tr~nsformation cycle were selected for study. 
In order to meaningfully compare the mechanical prop-
erty data of the one cycle specimens containing martensite 
t·" .. 
and retained austenite, the variation of yield strength with 
per cent martensite w.as determined for uncycled specimens. 
~ Thus the mechanical properties· of a _one cycle specimen could 
I" . 
be compared to those of an uhcycled sp(?cf:men. containing an 
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equal percentage of martensite. 
1 . . . (30-33} Severa 1nvest1gat1ons · have shown that the 
· -relationship ·between per cent rnartensite and yield strength 
) 
can be considered to be linear, although thi~point has been 
' ... t!t debated. <34 > The mechanicaJ.r, property data gathered from the 
tensile testing of bars quenched to temperatures between 
room temperature and liquid nitrogen temperatures is shown 
in Table IV. This data was then combined with the x-ray 
data to generate Table V relating per cent rnartensite and 
yield ~trength. Fig. XIII is a plot of this data along with 
/ 
the data generated by Apple(lB) for a 0.3 per cent carbon 
,;Y-
alloy. The lines plotted in the figure were generated by 
a least squares analysis of the data. The evaluation yield-
ed an equation for each line of the form: 
y=mx+b 
where y represents yield strength (ksi), m is the slope of 
the line, xis per cent martensite and bi~ the intercept 
of the ,,+,,j.ne on the yield strength axi~ at zero per cent mar-
tensite. The value of b should be close to that measured 
for as-l1omogenized austenite. The equations generated are: 
22. 7 l .6lx for O·~ 3 pct. carbon alloY ( lB) y - + -
l--~-~.,. 
<-
y - ·37. 21 + l.62x for 0.39 pct. carbon alloy -
y - 43 .14 + l.8lx for 0 .• 60 pct. carbon alloy -
' E·xamination of the lines • Figs . XIII reveals that· in 
the strengthening by carbon in solut-ion between ·the O. 30 and 
·.~o 
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the 0.39 per cent carbon steels is greater than the increase 
in str'engthening between the· 0. 39 and the O. 60 per cent car-
II 
ban steels. This result is as expected since,it has been 
shown(JO,Jl) that for virgin martensite the flow stress re-
mains /constant with addition of carbon aft~r O. 4 per \.cent 
caibon· a~ 220 ksi (for one hundred per cent martensite}. 
Room temperature aging effects alter this relationship so 
.......... ,..., . .., ... , 
.. 
t"',; ... 
1:$ 
t 
. 
that there is some strengthening betw~en 0.4 and 0.6 per cent 
, carbon as carbon is added,. the rate of strengthening de-
creasing with higher carbon content. The increase in the 
slope of-the plot of per cent martensite vs. yield strength 
with increasing Chas also been shown by Cohen (3o-32 > and 
co-workers. 
A particularly interesting feature of the deformation 
characteristics of both of the V alloys is the absence of 
localized deformation, necking, in both austenitic and 
marten·sitic conditions. A comparison of% El. and% • R.A. 1n 
,. ... 
Table IV in most cases reveals that the Reduction of Area is 
not significantly different from that of the elongation in a 
one i .. n~h gauge length. This observation is explain~d by the 
deformation behavior of the samples. The serrations ob-
served in a typical load vs. displacement curve afte; yielding· 
indicate that many· spee-imens defoimed by ~eans of a strain 
induced transformation of the retained austenite to marten-
site. The most striking evidence of the high~degree of strain 
hardening that results from this· transfo~matioi:i ·i; th·e· behav-
, , 
,, 4 . 
" 
ior of the single-cycled austenite •. As shown in Table IV, 
" 
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. . ~ in both vanadium alloys the increased work :·hardening cgpa-
ci ty due to deformatiqn induced transformation is emphasized 
· by the over 150 ksi difference between yield strength and 
.. 
ultimate tensile strength for specimens in this condition. 
-Apparently although the Ms temperature for_these alloys is 
' "' ' ,/., .. ' . 
. 
slightly below room temperature, the~ temperature, that 
temperature below which"martensite may be forrned·fromaus-
teni te during plastic defor1nation, is far enough above room 
temperature to enable the austenite to be highly unstable to 
deformation. 
The austeni te in the one cycled condi t·ion also showed 
a significant increase in yield strength over the as homo-
t 
genized austenite. A rise ~in yield strength of 31 ksi for 
the 0.39 pct. carbon alloy and 32 ksi f~ the 0.~60 pct. car-
,. n 
-~ 
ban alloy, was found. This can be attributed to the fact 
.. 
'that fflost of th~ dislocation structure and precipitation 
resulting in alloy strengthening occurs during t~e upquench 
from martensite to austenite. The precipitate structure is 
retained -in th~ product rnartenstte as well, and dislocation 
" ' 
a~rays are produced by t~e formation of martens~te in the 
' . ' ,;{J 
~· 
high dislocation density cycled austenite. . ' 
· ~The strengthening of the one cycle martensites above 
that strength level expe-cted of'· .. an · as.-qu~nched alloy of the 
same per cent martensite was 40~5 ksi for the 0.6 per cent 
carbon alloy and 36.5 for 0.39 per cent carbon alloy~ The· 
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-values for s·everal specimens from each of the two V alloys 
are presented in Table VI. 11.pple (lS) has reported a strength-
ening effect of 34 ksi for a one-cyc·1e martensi te. in a O. 3 
,_ ~ per cent carbon alloy. The combined data are plotted as per 
;ti:. 
.. 
.... ;• 
cent carbon vs. strengthening increment (~a) in Fig. XIV. 
VI Correlation of Theory and Results 
In this section an analysis developed to relate 
,_. strength to a number of structural parameters is applied to 
explain the strengthening produced by cyclic transformation 
in the series of vanadium alloy steels used in this study. 
-
A filajor contribution to strengthening of the one cycl~ 0 mar-
tensites is the fine precipitate of VC in the matrix and the 
dislocation tangles associated with it. The carbon remain-
ing in interstitial solid solution after carbide precipita-
tion must also be considered in any analysis of strengthen-
• ing. 
(35} Conrad'5 analysis for strengthening accounts for 
the effects of dislocations, precip.itates and carbon in in-
terstitial solid solution on the strength of a complex alloy • 
. ·~ 
" 
A modification< 36 ) of his equation for the flow stress of a 
. ~ -----
martensitic structure is as follows: 
(3) 
where G is the shear modulus, b is the magni tud.e of the 
Burgers' vector, Wis the weight per~cent carbon in solution, 
·: .. · 
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p··is the. dislocation density, A. as b.efore is the particle_ 
spacing. and a 1 , a 2 and a 3 are constants •. The term a0 ac~. 
counts for any grain size and substructure effects and solid 
solution strengtheni11g by· nickel and vanadium remaining in 
.solution. 
Winchell and Cohen< 31 , 32) have empirically-shown that 
the strength of untempered rnartensite appears to obey the 
relationship: 
a = 67,000 + l.9x1os w1/2 
o • 2 (psi) (4) 
' This equation states that the effect of the carbon remaining 
in solution is the most important effect in the strength of 
the martensite. Their cr 0 term takes into account the effects 
of austenitic grain size, martensite plate size and the 
testing conditions of strain rate and temperature, and the 
i 
. " 
substructure. For the model used in this study the effect 
of increased dislocation density generated during cycling 
will be considered in the constant first term, a 0 • Thus for 
·• . 
a cyclicly transformed stee·l, the yield strength may be con-
-sidered to be: 
.,, 
- p. (5) er 
. o. Z (psi) 
• J ~ 
results obtaihed.for carbide and 
'" 
Analysis of independent 
nitride precipitates in mild steels by LeslieC 37>, Keh and 
Q . 
Wriedt< 38 l,and Grcly-et al.{39) gives"vaiues of o.s,·0.67 and 
c. 
0. 5 respectively for a 2 •. A value of 0.5 will be used in this 
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analysis as was used in previous work by Apple.(lS). The 
,' 
' 
value of 67 ksi for cr 0 determined for uncycled martensite! 
by CohenC32) mus~ be modified,to. take-into consideration the 
additional grain refinement and higher dislocation 
produced during cyclic transformation. Krauss and 
density 
(13) Cohen ·· 
.,..... ... 
have noted an increase in yield strength of 10 ksi after 
subjecting an Fe~30 Ni alloy to one cycle of transformation. 
An estimate of th.is order of magnitude would therefore be 
appropriate. The best fit to the curve generated experimen-
tally in Fig. XIV for the three vanadium alloys is obtained 
with a value of 12 ksi for this strengthening contribution. 
Thus the final equation for the strengt;.h of cycled martensite 
.. 
1S: 
<1 o • 2 (psi) = 79,000 + 0.5 GbA-
1 + l.9x10S w1/2 ( 6) 
The amount of carbide precipitation and consequently 
the particle spacing (\) determines the·· an1ourit of carbon 
remaining in solution w. For the V alloys, assuming spher-
ical VC particles of radius Rand spacing·1, Apple(lS) has 
devised the following formula for the per cent carbon re-
maining in-solution: 
I . 
W = X ( A+ 2 R) 3 -
- ( A +2R) 3 -
79·. BR 3 
4.17R3 
. 
(7) 
where xis the.pe.r cent carbon initially in solution up6n 
, 
hom9genization • 
• 
. IJ ~ • " 
t~ith equa,tion (4) for uncycled martensitic -yi~ld 
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strength<32>, a theoretical value of yield strength for one 
hundred p~r cent martensite in a 0.39 and 0.60.per cent car-
. ... 
Don steel were calculated to·be 186~and· 21( ksi respectively. 
It was asstuned that the presence of vanadium offset the 
somewhat reduced nickel content in the alloys studied here 
g? l 
"~ ,,,;, 
=~-
as compared to those used ~Y Winchell and-\Cohen. . Therefore 
the value of 67 ksi for a 0 was considered appropriate also 
'-
for this ~valuation. The experimental results were compared 
to these values by extrapolating the least squares data in 
Fig. XIII to 100 per cent martensite. The values of 199 
for O .39 _pct. carbon and 224 for the O .60 pct. carbon steels 
compare favorably with the above calculated value~. The 
discrepancy between the two sets of data could arise from 
the lempering that occurs. at room ternperature.(31) The equa-
- ,· 
l 
tion generated by Winchell was based 16~_data obtained from 
testing at cryogenic temperatures, and aging at room tempera-
ture did produce a siijnificant hardness increase. 
The values f?~ ~~rticle,size and spacing for both the 
0.39 and 0.60 per cent carbon· steel in equations (6) and (7) 
were estimated from transmission electron micrographs as 
described previously. The $hear modulus, G, was taken as 
l.19xl0 7Psi and bas 2.Sxlo-s cm.< 36 ) These values were 
-- , 
then-- subst·i tuted into the equations and plots of yield 
• 
' . -. - ,, 
strength vs. particle spacing were drawn by computer. From 
" 
I 
these plots for the observed particle spacing and a· particle_ 
0. ' . Q • 
diameter of 100 A, the calculated yield strengths for orie 
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. cycle martensi tes wer-e 222 ksi and 255 ksi for the O. 39 and 
0.60 per cent carbon steels respectively. Subtracting the 
yield strengfh(32 ) of un~cled martensite calculated from• 
(4) from those calculated from equation (6), the calculated 
strengthening increment ~a is obtained'~ The strengthening 
.'l_· 
increments are plotted in fig. XIV.and are 36 and 41-ksi.for 
0.39 and 0.60 per cent carbon respectively. In addition for 
a 0.3 per cent carbon alloy it is seen the calculated value -
of ~a is 34 ksi . 
. The experimental strength increase was determined by 
subtracting the yield strength of non-cycled ma3tensite from 
that of the cycled martensite at the same martensite level. 
Table VI shows the measured strength increase for the V 
alloy series including the data of Apple. ,,,r,_The agreement 
between,experimental points and the theoretical points cal-
culated is good keeping in mind that the value of 79 ksi for 
a0 was so chosen empirically to give the best possible, 
agreement between the experimental results and equation (6). 
The experimental results seem to show that little 
f extra strengthening is obtained from the addition of more 
carbon to an Fe-Ni-lV alloy base·. The i~i tial assumption 
which prompted this --investigation of higher carbon alloys 
···"-
was that· th·e amount and_ size distribution of· VC precipitates 
could be varied while at the same time more carbon.would 
remain in solid solution. It was assumed that the volume 
per cent of VC formed would be proportional to the per cent 
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carbon in solution. Preiiminary calculations inaicated that 
" 
·' there was sufficient vanadium in solution for this to occur~ 
.· ,i 
$ 
· Thus it was expected that the volume per· cent of VC in the 
0.6 pct. carbon alloy could be twice·that of the 0.3 pct. 
carbon alloy. 
1 
The key( 36 ) to improved properties is a substantial 
decrease in particle\size at a particle spacing, i.e. a 
volume fraction of carbide, that does not.drastically deplete 
.... 
.'::,, 
the matrix of carbon in solution. The dispersion strengthen-
ing in this investigation resulted in only moderate 
strengthening because of the apparent limit of particle size 
i 
0 
at 100 A in all of the alloys for the lead bath treatments 
used in this investigat·ion. Because of the standard rever-
C 
sal heat treatments, the. diffusion controlled growth of the 
re~ 
• 
carbide particles was ro.ughly tqe~ same in all alloys. Par-
ticle growth might be limited by more rapid heat treatment. 
Further, the number of· carbide particles may have been 
limited despite the availability of carbon and vanadium be-
cause the number of nucleation sites, i.e. the fine struc-
ture, in the parent martensite for car~ide precipitation may 
. "· 
···be relatively constant in all alloys. The greater strength-
ening produced by cycling in the higher carbon alloys may be 
due to· a slight increase in the number of carb-ide particles 
as well a,s an increased level. of carbon in solution. 
..... \ " 
Figs. XV and XVI show that the calculated dispersion 
• 1 . 
strengthening contribution as a function of p·article spacing 
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is identical inA:he 0.4 and 0.6 per cent carbon alloys, and 
that the extra strengthening increment of approximately 5 
) ~ 
ksi expected in the (). 6_ per cent carbon -alloy as compared to 
Li 
the 0.4 per cent alloy is due to the decreased rate of solid 
~solution strengthening loss. The best estimates of particle 
distributions showed little variation in.the distributions 
,>· 
of the various alloys and therefore the increased strengthen-
ing increments measured for higher carbon alloys is believed 
to be predominantely due to greater residual solid solution 
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1. The Fe-Ni-Cr-Mo alloy exhibited strain induced 
transformation behavior when substantial amounts of retained 
austenite were present prior to cycling. After cycling the 
Ms temperature was raised, the alloy was substantially mar-
tensitic at room temperature and TRIP behavior was replaced 
by non-uniform plast;ic deformation. 
2. The carbides in the Fe-Ni-Cr-Mo alloy precipitated 
at martensite plate boundaries in distributions too coarse 
. 
to effectively increase strength. The particles were rough-
0 
ly 400A in diameter and aligned in rows that were approxi-
0 
mately 2500A apart. 
\'\ 
3. The effect of incr~asing carbon additions to an 
Fe-Ni-C-V alloy series was very slight reduction of parti-
cle size or spacing after cycling. The spacings were esti-' 
0 
mated as about 360A for 0.3, 0.4 and 0.6 per cent carbon 
alloys. 
/ 
4. The increase in yield strength of a one cycle, 
' 
martensitic specimen, as compared to uncycled martensite 
specimens, increased as the per cent carbon increased. The 
strengthening increment was measured as 36 ksi for the 0.4 
per cent carbon and 40 k~,fi for the O. 6 per cent carbon 
' 
alloys te~ted in this study as-compared to 34 ksi measured 
in a previous study for 0.3 per cent carbon. Maximum yield 
strengths were 208 and 240 ksi with corresponding elongitiom 
of 12.5 and 1.5 per cent in a one inch gauge length for the 
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0.4 ana·o.6 per cent carbon alloys respectively. 
5. The relati·ve insensitivity __ .of __ the carbide distri-
butions to carbon content is thought to be a. CO"nsequence of 
the uniformity of the reversal treatment and its effect on 
the diffusion controlled growth of the carbide particles and 
the relatively constant number of nucleation sites present 
in the fine structure of the as-quenched martensite. 
6. The increased strengthening with increasing carbon 
. 
content can be explained by the superposition of the rela-
tively constant dispersion s·trengthening contribution on a 
4 -
substantial retained solid solution strengthening component 
in the cycled martensite of the high carbon alloys. 
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• (c) 
(d) (e) 
FIG. IV 
Microstructure of the ' Cr-Ni-Mo alloy. (a) as homogenized, 
• 
(b) quenched to -50°C, (c) ~ quenched ·to -196°C, (d) 
versed to austenite and water quenched, (e) same 
re-
(d) as 
I 
.. but then quenched to -196°C. All 400x. 
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FIG. V 
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(a) 
(b) 
Transmission electron micro·graphs of the Cr-Ni-Mo .alloy in · 
the martensitic condition after a complete transformation 
cycle. 
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Microstructures of Fe-Ni-1V-0.39C alloy. (a) as homogenized 
(800x), (b) quenched to -196°C (800x), (c) reversed 
tenite and wate~ ·quenched to room temperature (1250x), 
to aus-
(d) 
same as (c) and quenched to -196°C (800x). Light micrographs. ,, 
i 
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VII 
Micros true tures of Fe-Ni-lv..:o. 6C alloy. 
(800x), (800x), (b) 
tenite and 
quenched to -191°C 
quenched to room temperature 
quenched to -196°C "(800x). 
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(c) and 
ti 
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(b) 
(d) 
(a) as homogenized 
(c) reversed to aus-
(1250x), (d) s-ame as 
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FIG. 
B 
(b) 
\'III 
Micros true ture of· the Fe-20Ni-1V-0.39C quenched to (a) 
(400x), (b) · micros true ture 
-80°C (800x). 
of Fe-16Ni-lv-0.66 quenc4ed 
45 
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-65°C 
to 
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FIG-. IX 
FIG. X 
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(a) 
•, (b) 
.. 
·, 
Transmission electron micrographs showing Fe-NiP'lv-0.39C 
alloy in the 1 cycle austenitic condition (a) 57,000x 
(b ) 2 0 0 , 0 0 Ox • 
(a) 
Transmission electron 
alloy in the 1 .cycle 
(b) 14 5 , OOOx. 
(b) 
micrographs showing Fe-Ni-1V-0.39C 
martensite condition(~) 47,SOOx 
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FIG. XI 
FIG. 
" 
electron micrographs showing Transmission 
alloy in~ one 
Fe-Ni-1V-0.6C 
(a) 58,000x cycle austenite coriditiori 
(b) 322, OOOx. 
(a) (b) 
XII 
Fe-Ni-1V-0.6C 
(a) 51,SOOx 
TransJilissiQn · electron micrographs showing 
alloy in the one cycle martensite .condition 
(b) 206,000x • 
• 
"'' 
..,. 
--------·-
47 
• 
• 
1 
') 
·i 
i 
:; 
t 
' •I 
I 
'I 
J 
! 
l 
1 
' I 
l 
. l
l 
l 
1 
·1 
·- ' 
••••• , t, 
'- '• 
...... 
., 
) 
" 
' 
_.,.._~. 
~ .. ' .. 
..,_. __ ~.,-·-... ···~· _, 
200 
160 
~140 · 
-en 
~ 
........ 
120 
~ 
t-
(!) . 
zlOO 
LL.I 
a:: 
t-
en 80 
C 
...J 
L&J 60 
-
>-
40 
20 
0 
i)_' 
',' 
0 
-~~-· 
""'· 
TWO DATA 
POINTS 
. ' 
• 
• • 
• 
• 0.6 PER CENT 
• 0.4 PER CENT 
• 0.3 PER CENT 
TWO DATA POINTS 
,;,. 
•. 
20 40· 60 80 
-
PER CENT MARTENSITE 
• 
•> 
C 
C 
C 
FIG: ... XIII: Per cent martensite vs. yield strength for the vanadium 
alloys. ~ 
.,. 
'" 
·,. 
. '""':· 
,. 
··-
·\: 
48 
100 
··--, 
. il 
·, . 
. " 
. 
. I 
\ 
_....._ 
-.. ~--:-·;·~ V, 
~ 
~ 
:J. b 
<l 
~ 
z 
LIJ 
:E 
Ill 
~ 
0 
. I 
z \ '5'./ 
I 
-
(!) 
z 
-z 
l&J 
:c 
t-, 
(!) 
z 
I.LI 
a:: 
I-
U) 
~ 
'"j 
"(1 ~ 
..L, .. ~-
!. . ~ .. 
.FIG. x·rv: 
. ' . . . ' . . . 
:<T ... 
,,., 
. ~ 
/ 
, 'I 
4.9 
\ 
\~ ' 
44 
40 '• 
• 36 ..r 
\: 
32 .... ~...,. 
~-
28 
24 
20 
-~ 
·' 
I 6 
· .1. 2 e MEASURED <' 
8 ~ CALCULATED 
4 
0 /1 ' 
·-o 0.2 0.4 0.6 0.8 
a 
~ " " 
•t' PER CENT CA~BON -
. , .. 
'at. '& 
. ·"" 
strengthening increment vs. per cent carbon for one cycle : 
• 
• • 
0 ~ 
rnartensites. ~ 
' ... 
:-.. 
(f 
I 
......__ 
"' 
!'•· 
.. 
"' 
,. 
.,[ ~ 
< • 
# 
,t,. 
ft;. ~ 
"· 
·. ~:- :,· 
P,,• 
-~\: 
~ 
.• ; ,io 
l 
., ... 1 ... 
/ 
• 
p;, .. 
., .· .~.. . ... 
" 
s .. 
-u, 
240 
~ 200 
,--.-
::c 
t-
(!) 
z 
w 160 ~ 
t-
en 
C 
.J 
lLI 120 
->-
0 
J-
(fJ 
80 z 
0 
-I-
::> 
m 
-0:: 
t- 40 
z 
0 
0 
.... 
TOTAL ,P 
.. 
~ -OBSERVED - 360 A -
,, 
ffftl'.1:·.·:~J:Ufirft};f},~}:.-
INTERSTITIAL STRENGTH 
DISLOCATION GRAIN SIZE 
AND 
.. 
THERMAL COMPONENTS 
DISPERSION STRENGTHENING 
'--~ 
o L...1......l..1..-..J.-.::i:=::t==== 
I 
50 
.: .... l.. ' 
it 
lj_. 
: Q: 100 200 500 1000 2000 5000 10000 
F: :r···G: x·  ·v· :. . . . : .; . . · .. ·• 
,. 
LAMBDA (ANGSTROMS). 
Q 
Yield strength vs. particle spacing foru, the 0.39 per cent 
carbon alloy. .The calculations are based on a particle 
0 .. 0 
diameter of 100 A. ~ ~ 
• I ,. 
~··: 
. ,··(l 
I __ J ·-
l.11_ 
., 
., 
. 1- . > 
• '..f· 
·, 
·e.: 
.- . 
. . 
... ;, .. 
~·· . : 
.. 
.... :.: 
~x. . 
[·, .. 
• 
:c 
1-
(!) 
z 
LIJ 
0:: 
t-
u, 
C 
~ 
LLJ 
-
>-
0 
I-
u,. 
z 
0 
-I-
:::, 
m 
-0:: 
I-
z 
0 
0 
';. ~·· 
. •· 
2·80 
240 
200 
160 
120 
80 
40 
- ' 
- " 
- ·-·· ... 
·----------
'· 
51 
--........ - .... --.... --.... --..... --
.... 
TOTAL 
) 
{} 
-· OBSERVED ~ = 350 A 
INTERSTITIAL 
STRENGTHENING. 
-·· 
\ 
'l~ 
DISLOCATION GRAIN SIZE 
AND THERMAL COMPONENTS 
DISPERSION 
--
STRENGTHENING 
1· 
0 
1.00 200 500 1000 200 5000 10000 
LAMBDA (ANGSTROMS) 
. I 
Yield streng·th vs. ·particle spacing for the 0.60 per ·cent 
·carbon ~lloy~ T~e calculations are based on a particle 
. 0 . 
diameter of 100 A • 
.; ; 
""· ' 
-~· 
' .. 
• I 
-·~ 
~-
•'" 
... 
. I 
, 
,. 
' ,. 
' ' 1 
I 
l ) 
1 
Designation 
0.3 Carbon 
0.4 Carbon 
.0.6 Carbon 
Cr-Ni-Mo 
Steel 
Heat No. Mn 
704T062 <.03 
704Z007 <.01 
·704Z008 <.01 
704Z010 <.01 
-
s 
.008 
. 010 
. 010 
.007 
- ~-·-~--~--~--------~------------'•- , ______ ,_a ______ •R • .- •---•-••··----- ' 0 
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Table I 
Alloy Compositions 
Si Cu Mo Cr 
• 0 8 .006 . 091 .008 <.01 
-"o 9 . 019 .005 <.01 <.01 
'c 
" 
.. "0 7 7 .016 <.01 <.01 <.01 
<.01 .005 .002 3.90 7.86 
V 
1.00 
.95 
.96 
<.01 
\ 
Ni 
20.4 
. 
l&~- 06 
8.21 
C 
.31 
.39 
.60 
.24 
• 
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Table II 
' . 
Correlation of Methods of-
Per Cent Phase Determination 
Fe - Ni - V - 0.39C Per Cent Martensite 
_:1 -
-
Condition 
Quenched to -55°C 
• 
Quenched to -85°C 
' ~ Quench~"d to -130°C 
,, 
Quenched to -185°C 
X-Ray Analysis~ 
30 
54 
81.5 
84.2 
Fe - Ni - lV - 0.60C t 
Quenched to -40°C 
Quenched to -60°C 
Quenched to -80°C 
Quenched to -120°C 
39.8 
70.4 
78.4 
•·' --~""' 
~~r;-• 
81.6 
tMiller's Formula 
*Durnin and Ridal's Modification 
' :· '.<!:J. .... 
•! 
.. 
. ! 
, ' 
. . ·~ 
~:·,' ~· '· 
.... : : . . . 
Point Counting 
32 
52 
77 
83 
41.3 
69.4 
77.0 
80.5 
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Table III 
Taf For Alloys 
,_ .. Alloy 
. ( 18) Fe-Ni-V-0 ·· 31C 
Fe-Ni-V-0. 39C 
Fe-Ni-V-0.60C 
Fe-Cr-Mo-Ni-0.24C 
Fe-~i-0.3C(lS) 
I ( 18) Fe-Ni-4.5Cr-0.3C 
,~·'·' 
Fe-Ni-4'. Scr-0. 3C 
*From /1:tilatometer Trace l~·lv 
.:....;.,_ ,. '"""'' 
,. 
. '""":\ 
• 7. \: 
., 
:j,, 
\ 
612 
641 
745 
752* 
510 
750 
655( 26 ) 
·.~ 
-·_:!· '·, : I.-
54 
Reversal Temp. (°C) 
610 
620 
650 
755 
520 
760 
·,, 
.-,·. 
·?· 
0 ~-•MO ~ • • • ., • 
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Tab·le IV 
Mechanical Properties of Alloys 
in Various Conditions 
Fe-20Ni - lV - .39C A1loy ·~· 
Condition (J y.s. 0.2% offset 0 uts 
Shells 
Quench to -60°C 140 238 
Quench to .... ao 0 c 154 252 
Quench to -130°C 168 254 
Quench to -196°C 175 260 
1 Cycle Austenite 68 272 
· · 1 Cycle Martensite 208.5 295 
Fe-18Ni - lV - .60C Allo:i 
- ':,r 
Quench to- -30°C 103 203 
Quench to -40°C 116 210 
Quench to -60°C 148 232 
Quench to -100°C 174 242 
Quench to --196°C 190 260 
1 Cycle Austenite 75 252 
1· Cyc)-e Martensite 240.5 288 
Fe-8Ni - 8Cr - 4 Mo - .24C Alloy 
As Homogenized 50 ~:_ ... 180 
Quenched to -30°C 64 216 
Quenched to -50°C 88 238 
Quenched to -70°C 131 264 
Quenched to -196°C 119 244 
1 Cycle Austenite· 113 252 
1 Cycle Martensite 162 252 
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Table V 
,. 
Percent Martensite vs. Yield Strength -· 
······: ·:· 
for the Vanadium Alloys 
' Fe-20Ni - IV - 0.39C rFe-18Ni --rv - 0.6C 
Per Cent 
Martensite 
Yield Strength Per Cent 
(ksi) Martensite 
Yield Strength, 
(ksi) 
,. 
.. _ 
0 38 
38 
140 
154 
178 
172 
121 
170 
166 
174 
123 
0 39 
44 
10·0 
... - . . ., ".,. --~ ·-··--··- . ....,.,.. --.~----·-, ···•·• .... ;_; -·.: ~- ...... -· .. - - . . 
0 
62.0 
·73. 2 
~!i 
81.0 
81. 0 -
84.0 
84.0 
84.0 
Table VI 
0 
37.1 
37.1 
55.0 
55.0 
76.0 
36.0 
36.0 
81.0 
81.0 
C 
Properties of Cycled Martensitic Specimens 
Alloy 
0.39 pct. 
carbon 
0 .39 pct. 
carbon 
0 .39 pct. 
carbon 
0 .6 pct. 
carbon 
0.6 pct. 
carbon 
0 .30 pct. 
carbon 
• 
1 Cycle Yield 
Str. (ksi) 
210 
208 
207 
240 
241 
190 
. 
Per Cent 
Martensite 
83.0 
83.0 
r 
83.0 
87.0 
87.0 
82.0 
*Strength increase due to cycling at~ constant 
martensite 
• 
::;, t 
I 
......... t 
' .. 
per 
107 
148 
148 
176 
119 
112 
190 
188 
~a* 
38 
36 
35· 
40 
41 
34 
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